The vestibulo-ocular reflex (VOR) is the main gaze stabilising system during rapid head movements. The VOR is highly plastic and its gain (eye/head velocity) can be increased via training that induces an incrementally increasing retinal image slip error signal to drive VOR adaptation. Using the unilateral incremental VOR adaptation technique and horizontal active head impulses as the vestibular stimulus, we sought to determine the factors important for VOR adaptation including: the total training time, ratio and number of head impulses to each side (adapting and non-adapting sides; the adapting side was pseudo-randomised left or right) and exposure time to the visual target during each head impulse. We tested 11 normal subjects, each over 5 separate sessions and training protocols. The basic training protocol (protocol one) consisted of unilateral incremental VOR adaptation training lasting 15 min with the ratio of head impulses to each side 1:1. Each protocol varied from the basic. For protocol two, the ratio of impulses were in favour of the adapting side by 2:1. For protocol three, all head impulses were towards the adapting side and the training only lasted 7.5 min. For protocol four, all impulses were towards the adapting side and lasted 15 min. For protocol five, all head impulses were to the adapting side and the exposure time to the visual target during each impulse was doubled. We measured the active and passive VOR gains before and after the training. Albeit with small sample size, our data suggest that the total training time and the visual target exposure time for each head impulse affected adaptation, whereas the total number and repetition rate of head impulses did not. These data have implications for vestibular rehabilitation, suggesting that quality and duration of VOR adaptation exercises are more important than rapid repetition of exercises.
INTRODUCTION
The vestibulo-ocular reflex (VOR) maintains images stable on the retina during head movement by rotating the eyes in the opposite direction to the head. During far-viewing, the magnitude of eye velocity matches head velocity, so that the gain (eye/ head velocity) equals unity. The VOR gain can be increased via adaptation training, which employs a vestibulo-visual mismatch stimulus. For example, a mismatch stimulus can be provided using magnifying lenses, so that the visual world appears to move more for a given head rotation than it would without lenses. Under this circumstance, the VOR initially produces an eye movement that does not stabilise images on the fovea of the retina, which generates a retinal image slip error signal used to drive adaptive change within the VOR (Gauthier and Robinson 1975) . Prior studies have used visual-vestibular mismatch to induce VOR adaptation via lenses (e.g. Gauthier and Robinson 1975; Paige and Sargent 1991) , reversing prisms (e.g. Gonshor and Melvill-Jones 1976a, b) , moving visual displays (e.g. Shelhamer et al. 1992 and or a moving visual laser target paired with head movement (Schubert et al. 2008; Migliaccio and Schubert 2013 , Fadaee and Migliaccio 2016 Mahfuz et al. 2018) .
The main difference between the moving laser target method and prior methods is that the laser target moves in the opposite direction to the head at an incrementally increasing percentage of head speed, which causes VOR gain demand for stable vision to gradually increase (Schubert et al. 2008; Schubert 2013 and Fadaee and Migliaccio 2016) . The moving laser target method generally employs active (self-generated) transient head impulses rather than sinusoids as the vestibular training stimulus. Head impulses (Halmagyi and Curthoys 1988) are considered to be a more physiologically relevant vestibular stimulus than sinusoids, because they have the same frequency and velocity content as head motion encountered in daily life (Grossman et al. 1988) . The head impulse training lasts 15 min with the laser target velocity, initially equal to head velocity, increasing by 10% every 90 s. This method drives the passive VOR gain to increase significantly towards the side being actively trained (left, right or both) by~10% (Mahfuz et al. 2018; Schubert et al. 2008) .
The neural basis of plasticity and motor learning within the VOR pathways has been extensively examined. Short-term VOR adaptation results in changes in the floccular target neurons (Lisberger et al. 1994a) , Purkinje cells in the cerebellar flocculus and ventral paraflocculus (Lisberger et al. 1994b) and vestibular-only neurons in the vestibular nuclei (Sadeghi et al. 2011) . VOR plasticity is affected by ageing (Khan et al. 2017) , vestibular stimulus characteristics (Hubner et al. 2014 ) and the cholinergic vestibular efferent system (Hubner et al. 2015) . Animal studies suggest that changes in the central vestibular pathways occur before changes at the level of the vestibular periphery (Primates: Carriot et al. 2015; Mitchell et al. 2017) , and that repeated exposure to a visual-vestibular mismatch stimulus results in changes in synaptic transmission and the intrinsic properties of central vestibular neurons in the direct pathway of the VOR (Mouse: Carcaud et al. 2017) .
Motor learning studies suggest that learning tasks which incorporate an incremental error signal are more effective at driving neural plasticity and learning. This has been shown in visuo-motor (Kagerer et al. 1997 ), somatosensory (Nagarajan et al. 1998 ), auditory (Kilgard and Merzernich 2002 and vestibular (Schubert et al. 2008 ) learning tasks. When the error signal during learning is too large, adaptive processes may assign the stimulus as invalid. In contrast, incremental learning provides a valid small error signal that adaptive processes recognise because small adaptive changes are constantly required, e.g. due to ageing and injury. Known as the Bcredit assignment^problem, such adaptive processes must determine that the error signal is valid and due to internal changes as opposed to an artificially altered external environment (Körding et al. 2007 ). The moving laser target method exposes adaptive processes to a signal that is small enough to appear permanent and internal.
The goal of the present study was to determine some of the essential training parameters for optimal VOR adaptation in healthy controls. Using the principles of motor learning, we sought to provide proof of concept on whether the total number of stimulus presentations had a greater effect on VOR adaptation than the total training time. Specifically, if the stimulus repetition rate was increased, then could the total training time be reduced to produce the same level of VOR adaptation? Also, given that the typical duration of a head impulse is about 200 ms and the latency of other non-vestibular vision stabilising systems such as smooth pursuit is 9 100 ms (e.g. Krauzlis and Lisberger 1994), does providing a visual-vestibular mismatch stimulus after peak-head velocity, i.e.~100 ms after head impulse onset, result in greater VOR adaptation? We hypothesised that the number of head impulses would affect VOR adaptation, but not the total training time per se, and that extending the duration of the visual-vestibular mismatch stimulus to the second half of each head impulse would not affect VOR adaptation. Five training protocols were designed to determine the effect of each parameter on VOR adaptation. Over separate days, the active and passive VOR gains were measured before and after each adaptation training protocol.
METHODS

Subjects
Eleven normal subjects (mean age 33 years, range 25-46 years, all male) were recruited to participate in this study. Each subject participated in five separate sessions, separated by at least 3 days with sessions not repeated. All subjects had performed basic unilateral incremental adaptation training previously, but not during the 6 weeks prior to commencement of this study. Five subjects regularly wore corrective lenses with diopter ranging − 2.25 to − 1.5. These subjects did not have any history or clinical signs of vestibular abnormality. Participation in this study was voluntary and subjects gave written informed consent before participating as approved by the University of New South Wales, Human Ethics Committee.
Recording System
Head and eye rotations were measured using the EyeSeeCam system (Denmark), with the camera placed over the left eye (Bartl et al. 2009 ). The EyeSeeCam system consisted of a 220 Hz digital video camera, an infrared mirror to reflect the eye image to the camera and an inertial measurement unit to measure 3D (yaw, pitch and roll) angular head velocity. All components were rigidly mounted onto a lightweight swim goggle frame to minimise camera slippage relative to the head. The eye was illuminated via two on-board infrared LEDs. Horizontal and vertical eye positions were calibrated by having subjects fixate (goggle-mounted laser projected) visual targets at known angles with respect to the subject. The calibrated data were digitally filtered with a 50-tap zero-phase low pass FIR filter with a bandwidth of 50 Hz.
Training System
A digital laser target system described in Mahfuz et al. (2018) controlled the position of a laser target directed onto a matte-white projection screen (2.4 × 2.4 m) 1 m in front of the subject. The device consists of a head unit (strapped securely to the forehead) and a base (or control) unit. The head unit consists of a laser mounted in a fixed position relative to, and aimed at the centre of, an electrostatic MEMS micro mirror (Mirrorcle Technologies Inc., USA) and a 9D IMU (3D accelerometer, gyroscope and magnetometer; STMicroelectronics, USA). Information from the IMU is processed, so that 3D head orientation with respect to space can be calculated at 250 Hz to within 0.1°. The head orientation is used to drive the mirror and hence laser target positon with respect to the head. The base unit provides auditory feedback when head impulse peak-velocity is below 120°/s or above 180°/s. The peak-amplitude of a head impulse with peak-velocity 150°/s and 200 ms duration is~10°.
Active and Passive VOR Adaptation Training Protocols
Each subject underwent five test sessions on separate days in pseudo-randomised order. For each session, a variant of the unilateral incremental VOR adaptation training protocol as previously described Schubert 2013 and Fadaee and Migliaccio 2016) was employed. In brief, using the head impulse test (Halmagyi and Curthoys 1988) , the active and passive VOR gains were measured before and after active VOR adaptation training. Passive VOR gain testing prior to (and after) training required head impulses delivered manually in the horizontal canal plane, i.e. leftward and rightward. Subjects were trained to perform active head impulses similar in profile to the passive head impulses (per Figure 1 in Migliaccio and Schubert 2013). During VOR testing, a visual fixation target (laser target) located straight ahead and at eye level was provided. This target disappeared when the head rotated 0.6°away from neutral.
Unilateral VOR adaptation training consisted of a series of active only head impulses from a neutral starting position, i.e. only outward impulses were applied. The adapting side was pseudo-randomised, leftward or rightward, across subjects (e.g. leftwards for 5/11 subjects). For each head impulse, subjects were instructed to maintain visual fixation of the laser target whose horizontal position was a function of horizontal head position, head impulse direction and adaptation gain (eye/head angular speed) demand. The basic adaptation training protocol consisted of unilateral incremental VOR adaptation training lasting 15 min with the ratio of head impulses to each side kept at 1:1. To maintain this ratio, subjects were instructed to alternate the head impulse direction. Protocol one followed the basic protocol. Protocol two followed the basic protocol with one difference: the ratio of head impulses were in favour of the adapting side by 2:1. To maintain this ratio, subjects repeated the following pattern: two head impulses towards the adapting side followed by one impulse to the nonadapting side. Protocol three followed the basic protocol with two differences: all head impulses were towards the adapting side and the training only lasted 7.5 min. Protocol four followed the basic protocol with one difference: all head impulses were towards the adapting side for 15 min. Finally, protocol five followed the basic protocol with two differences: all head impulses were towards the adapting side and the exposure time to the visual target during each head impulse was doubled (see Table 1 ).
For protocols 1-4, the laser target was extinguished once head peak-velocity was detected, i.e. mid head impulse, whereas for protocol five, the laser target was extinguished once head peak-amplitude was detected, i.e. the zero velocity crossing denoting the end of head impulse. The target reappeared only after the head returned slowly back to its neutral position. The gain demand is the VOR gain required to stabilise the image of the target on the fovea. For all rotations towards the non-adapting side, the target was kept stationary in space, so that the gain demand was fixed to unity, i.e. driving no adaptation because a gain of unity is the typical far-viewing gain in a normal subject. In contrast, for rotations towards the adapting side, the target moved, so that the gain demand increased from 1 (epoch 1) to 1.9 (epoch 10) in increments of 0.1 every 90 s (i.e. the duration of each epoch). Apart from the laser target, all training and testing was performed in complete darkness.
Data Analysis
Horizontal angular eye position was differentiated and the onset of each head impulse was calculated by fitting horizontal angular head velocity magnitude to a polynomial curve versus time. The point where the magnitude of the fitted curve was greater than 2% of the curve's peak magnitude (typically this threshold was 4°/s) was defined as the impulse onset. Only head impulses with peak magnitude between 150°/s and 300°/s were included in the analysis. Traces with saccades occurring inside a window starting at 100 ms before impulse onset and ending at impulse peak magnitude (typically 100 ms after onset) were also removed. Eye traces containing blinks and other artefacts were removed, along with their corresponding head traces. The instantaneous VOR gain was calculated as the magnitude of eye velocity divided by head velocity. The impulse VOR gain was calculated as the median of the instantaneous VOR gains calculated during the 30 ms period (at 220 Hz this corresponds to 6 to 7 instantaneous gain values) immediately prior to impulse peak magnitude (Carey et al. 2002; Mahfuz et al. 2018) . The percentage of VOR gain change for each side (adapting or non-adapting) was calculated by dividing the posttraining by the pre-training VOR gain, subtracting by 1 and multiplying by 100. A positive percentage indicated an increase in VOR gain due to adaptation training.
Statistical Analysis
Statistical analysis was performed using SPSS version 23 (IBM, USA) and Excel 2013 (Microsoft, USA) software. We used a linear mixed model (LMM) with repeated measures to analyse the VOR gain data. Independent variables included: subject ID, VOR protocol type ('1', '2', '3', '4', '5'), VOR testing type ('active', 'passive'), head rotation side ('adapting', 'nonadapting') and time ('pre-training', 'post-training'). The number of head impulses towards each side during training was a covariate in the analysis. The dependent variable was either gain or percentage gain change. All variables were included in the LMM initially and those found insignificant were subsequently removed. Only the interaction effects found to be significant are included in the results. Paired t tests were performed on the pre-training and posttraining VOR gains and the percentage increases for each protocol using Least Significant Difference (LSD) to correct for multiple comparisons. Pooled data are described as mean ± 1 SD.
RESULTS
Pre-adaptation Training VOR
There were no differences in pre-adaptation VOR gains between leftward and rightward (LMM F 1,42 = The five protocols shown were performed over separate days and sessions in pseudo-randomised order. The differences between each protocol and the basic protocol (protocol 1) are highlighted in italics. The approximate number of head impulses towards the adapting and non-adapting sides is based on the assumption that 400 active head impulses are performed during 15 min. Exposure to the target from onset to head peak-velocity, which occurs approximately half way during a head impulse, is 100 ms in duration. Exposure to the target from onset to head peak-amplitude (and zero head velocity), which occurs approximately at the end of a head impulse, is~200 ms in duration Protocol Duration (min) Head rotation side ratio (adapting side:non-adapting side) Exposure to target during head impulse 1 15 1:1 (~200 impulses to each side) Onset to peak-velocity 2 1 5 2:1 (~266 impulses to adapting side and 133 impulses to non-adapting side)
Onset to peak-velocity 3 7.5 1:0 (~200 impulses to adapting side only) Onset to peak-velocity 4 1 5 1:0 (~400 impulses to adapting side only) Onset to peak-velocity 5 1 5 1:0 (~400 impulses to adapting side only) Onset to peak-amplitude 0.3, P = 0.57) and between active and passive (LMM F 1,42 = 0.03, P = 0.86) head impulses. However, there were between-subject differences in pre-adaptation gains (LMM F 10,47 = 2.8, P G 0.01), with means (± SD) ranging from 0.90 ± 0.03 to 0.96 ± 0.02. The mean preadaptation VOR gain pooled across subjects was 0.93 ± 0.06. Power analysis indicates that with 11 subjects, a 7.7% increase in VOR gain would be detected with 80% power (μ 1 = 0.93, μ 2 = 1.002, SD = 0.06, α = 0.05, 2-sided test). However, after normalising gains (scaling by a fixed number for each subject) so that the pooled (left/right, active/passive, across all protocols) mean pre-adaptation gain was equal to unity for each subject, SD across subjects reduced to 0.03, and a 3.6% increase in VOR gain could be detected with 80% power (μ 1 = 1.0, μ 2 = 1.036, SD = 0.03, α = 0.05, 2-sided test).
Passive VOR Gain Adaptation for Each Training Protocol in a Typical Subject Figure 1 shows the passive VOR responses immediately before (left column) and immediately after (right column) active adaptation training for each of the five protocols (rows 1-5) in one subject. For protocol one (top row), two (second row) and four (fourth row), the VOR gain increased significantly (t test P G 0.05) and similarly at about 10% (LMM F 2,3 = 0.4, P = 0.70) as a result of adaptation training. For protocol three (third row) the VOR gain did not significantly increase (t test P = 0.15). Whereas for protocol five (fifth row), the about 20% VOR gain increase was significantly higher (LMM F 3,4 = 6.7, P G 0.05) than protocols one, two and four. The actual and ideal number of head impulses during training towards the adapting side (assuming an ideal of 400 head impulses over 15 min of training) for protocols one to five were: 166 (ideal 200), 270 (266), 172 (200), 317 (400) and 393 (400).
Number of Head Impulses for Each Training Protocol Across Subjects
The training duration (7.5 or 15 min) and the exposure to the visual target during each head impulse were controlled, however, the number of head impulses during training was allowed to vary between subjects. There was no difference in the average number of head impulses towards the adapting side during training protocols one and three (206 ± 39 vs 207 ± 43, t test P = 0.96). Similarly, there was no difference between training protocols four and five (383 ± 67 vs 362 ± 58, t test P = 0.44). The number of head impulses during training protocol two (289 ± 59) was larger than protocols one and three (t test P G 0.001, P G 0.002) and smaller than protocols four and five (t test P G 0.005, P G 0.01) and lay in between those two protocol pairs (i.e. 1/3 pair and 4/5 pair). There were significant interactions between protocol and time (LMM F 4,120 = 5.6, P G 0.001), protocol and side (LMM F 4,163 = 3.4, P G 0.02) and protocol, side and time (LMM F 4,120 = 2.5, P G 0.05), suggesting that the gain change on the adapting side due to training depended on the protocol. There was also a significant interaction between time and side (LMM F 1,90 = 29.8, P G 0.001), indicating that the training only affected the adapting side. There was no difference between the active and passive VOR gains (LMM F 1,90 = 0.01, P = 0.91), and the number of head impulses during training did not affect the VOR gain (LMM F 1,125 = 1.1, P = 0.31). Due to the variability of pre-adaptation gains across subjects, data were normalised for each subject/ session by calculating the percentage VOR gain increase for each side (adapting, non-adapting). Using the normalised data, the difference between the active and passive VOR gains (LMM F 1,58 = 0.01, P = 0.98) remained insignificant and so did the effect of number of head impulses during training on the VOR gain (LMM F 1,72 = 0.03, P = 0.87). Significant factors were protocol (LMM F 4,63 = 10.7, P G 0.001), side (LMM F 1,88 = 61.5, P G 0.001) and an interaction between the two (LMM F 4,66 = 7.5, P G 0.001). Protocols three and five had the smallest and largest effects on VOR gain change, respectively (see Fig. 2 , middleleft panel and bottom-left panel). Removing the protocol three data only (LMM F 3,55 = 3.1, P G 0.05) or removing the protocol five data only (LMM F 3,61 = 5.4, P G 0.005) had little effect on the significance of protocol, however, removal of both protocols three and five data resulted in protocol becoming highly nonsignificant (LMM F 2,50 = 0.03, P = 0.97). Table 2 ). The mean protocol three gain increase is~5%, whereas the mean protocol five increase is~16% (Table 2) . Taken together, the data suggest that the number of head impulses does not affect the VOR gain increase; at least once the number of head impulses is above~200. Protocols one and three had the same number of head impulses towards the adapting side, yet the VOR gain increase for protocol one was about double that of protocol three. Also, protocol four had about double the number of head impulses towards the adapting side compared to protocol one, and the number of head impulses for protocol two was in between them both, yet the VOR gain increase was the same for protocols one, two and four. On the other hand, the training duration had a significant effect on the VOR gain increase.
Active and Passive VOR Gain Adaptation for Each Training Protocol Across Subjects
Training protocols three and four were identical except that the total training time for protocol three was half that of protocol four, resulting in protocol three having about half the gain increase of protocol four. Also, increased exposure to the visual target during each head impulse had a significant effect on the VOR gain increase. Training protocols four and five were identical except that exposure to the visual target during each head impulse for protocol four was half (i.e. from head impulse onset to peak-head velocity) that of protocol five (i.e. from head impulse onset to peak-head amplitude), resulting in protocol five having an~50% larger increase in gain than protocol four.
DISCUSSION
This proof of concept study suggests that the training parameters that most affected VOR adaptation towards the adapting side were the duration of exposure to the visual-vestibular mismatch stimulus during each head impulse and the total training time. The number of head impulses, i.e. training stimulus repetitions, had no significant effect on VOR adaptation, at least once the number of head impulses was above~200. Therefore, the repetition rate of head impulses towards the adapting side, which is equal to the total number of head impulse repetitions divided by the total training time, did not significantly affect VOR adaptation. There was no difference in the active and passive VOR gain increases towards the adapting side due to adaptation training, and there was no gain increase towards the non-adapting side as a result of the adaptation training.
Unilateral Adaptation Training Effects Towards the Non-adapting Side
In the first unilateral incremental VOR adaptation study, head rotations towards the non-adapting side were performed in the absence of a visual target, i.e. the laser target was turned off at the onset of head rotation (Migliaccio and Schubert 2013) . In that study, a significant increase in the active VOR gain towards the non-adapting side, albeit~70% smaller than the adapting side, was noted. This increase was attributed to changes in the commissural vestibular pathways from the adapting side, which contribute to the non-adapting side response (McCrea et al. 1981; Shimazu and Precht 1966) . In order to prevent adaptation on the non-adapting side, a second unilateral adaptation study used a visual laser target that was stationary during rotations towards the nonadapting side, so that the VOR gain was maintained at unity (Migliaccio and Schubert 2014), as was the case in protocols one and two in the present study. In that second study, VOR adaptation no longer occurred on the non-adapting side. It was thought that the presence of visual feedback during head rotations to the non-adapting side prevented 'crossover' adaptation from the commissural-vestibular (adapting side) pathways during head rotations towards the adapting side and associated retinal slip error signal. In the present study, however, subjects did not perform any head rotations towards the non-adapting sides and return of head rotation to the start position similarly offered no visual target during training protocols 3-5. If commissural pathways were responsible for 'crossover' adaptation, then there should have been a significant increase in the VOR gain towards the non-adapting side for training protocols 3-5. The fact that this was not observed, coupled with the fact that the increase towards the non-adapting side has only ever occurred in the active VOR, suggests that 'crossover' adaptation is due to changes in the predictive modelling component of the VOR response and not the commissural pathways. We hypothesise that leftward and rightward VOR gains are independently controlled, as per the models of Minor et al. (1999; Clendaniel et al. 2001) , so that if a vestibular stimulus is: (1) not provided to one side, then the gain to that side is not modified, (2) provided to one side without a visual stimulus, then the gain to that side is affected by the contralateral gain and (3) provided to one side with a visual stimulus, then the gain to that side is independently modified. The simplest model for this would be one that includes the addition of a contralateral-sourced weighted input to gain during training that is gated depending on whether there is visual feedback during rotations to that side.
Extending the Visual-Vestibular Stimulus to the Second Half of the Head Impulse
In prior studies that have used the incremental VOR adaptation technique, significant differences between active and passive VOR gain increases were detected (Migliaccio and Schubert 2013; Fadaee and Migliaccio 2016) . In those studies, the VOR gain to passive head impulses after active training increased by~10%, which doubled for active head impulses. In contrast, later studies reported similar passive and active VOR gain increases of~10% (Mahfuz et al. 2018 ). The main difference between those studies was the duration of the visual-vestibular mismatch stimulus during each head impulse. In the earlier studies, the visual stimulus was extinguished once head peak-amplitude (end of impulse) was detected, whereas in the later study, it was extinguished once head peak-velocity (middle of impulse) was detected. In the present study, we determined the effect of visual-vestibular stimulus duration on VOR adaptation by comparing protocols four and five, which were identical except that protocol five had double the exposure to the visual stimulus per head impulse, resulting in~50% greater active and passive VOR gain increases. This result suggests that visual feedback during the latter half of the head impulse also contributes to VOR adaptation. The fact that in earlier studies the active VOR gain increased more than the passive VOR, but not so in this study, could depend on how much of the increased VOR response is due to the contribution of volitional versus reflexive non-vestibular vision stabilising systems. Presumably, a reflexive nonvestibular response, e.g. optokinetic, would affect both the active and passive VOR, whereas a volitional nonvestibular response, e.g. smooth pursuit, which requires priming due to its long open-loop latency (Bahill and McDonald 1983a, b; Barnes et al. 1995; Kettner et al. 1996; McHugh and Bahill 1985) , would mostly affect the active VOR. Another explanation is that during a head impulse there are two acceleration peaks (one positive, one negative) at which the VOR is maximally stimulated. When the target is extinguished at the middle of the head impulse, the VOR receives visual feedback at only one of these peaks, thereby missing exposure to feedback at an influential point. It is also possible that under this condition, a strong gaze position error feedback signal is provided at the end of the head impulse further driving VOR adaptation (Fadaee and Migliaccio 2016). Another possible explanation is that because the VOR gain demand is changing in small increments, the retinal image velocity error is small. Therefore, there is less need for corrective saccades, which can only be generated during the second half of the head impulse due to their long latency. Fewer corrective saccades result in less interruption of the retinal velocity error signal driving VOR adaptation, thus increasing the amount of feedback driving VOR adaptation.
Implications for VOR Rehabilitation
Although the present study only tested subjects with normal VOR function, the findings reveal aspects of VOR adaptation/motor learning that have implications for VOR rehabilitation in patients with peripheral hypofunction, i.e. incomplete damage to the peripheral vestibular end-organ or eighth cranial nerve resulting in VOR gains less than~0.75. One of the two parameters that most affected VOR adaptation was the total training time, suggesting that the vestibular, and possibly optokinetic and smooth pursuit, neural pathways require time to consolidate changes. However, the number of training stimulus presentations (i.e. the number of head impulses) did not affect VOR adaptation-at least once the number of head impulses was above 200, which over 15 min is a slow rate of one impulse per 4.5 s. Increasing the training stimulus repetition rate and halving the training time so that the number of head impulses was the same resulted in decreased VOR adaptation in the present study. Applying the principles of motor learning, this finding suggests that the practice amount (number of trials per session, i.e. small vs. large) or practice variability (training to one side vs. both sides in differing ratios) does not improve VOR motor learning as much as increased practice distribution (fixed number of trials over more or less time, i.e. massed vs. distributed). Instead, practice duration and duration of exposure to the visual-vestibular training target during each head impulse were the most critical components for VOR motor learning in our study. This suggests that increased target complexity (tracking throughout the entire head impulse rather than just during the first half could be considered a more complex target) and increased time both improve VOR motor learning. 
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